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NASA
Washington, DC 20546

Dear Dr. Buzasi:

This letter represents our final report on Astro Theory Grant #NAGW-765, "The Universe at
Moderate Redshift," covering the period March 1, 1988 through February 28, 1991.

I) RESEARCH

The focus of our research effort over this interval was stated recently in a form that is

remarkably accurate:

The Universe at small redshift shows diverse structures on all
measured scales. But at the era of decoupling, at a redshift of z = 10 3, the

Universe was extremely smooth and featureless. The central question
addressed in this proposal is "How did the observed structure develop?"
NASA has begun a program which in this decade and the next will launch
several major observatories - HST, AXAF, COBE, GRO, SIRTF and
LYMAN/FUSE - that will push the observational curtain further back, to z
> 2 for galaxies and z > 5 for quasars. With the better observational input
and the rapid theoretical developments over the last ten years serving as a
basis, we propose to perform at Princeton coordinated studies which
combine model making with theoretical analysis of observations in order
to outline and understand the physical processes acting during epochs of
moderate redshift, in addition, we intend to show how better space
measurements of the radio, x-ray and v-ray backgrounds will severely

constrain theories for the origin of structure.

We plan to divide the program into four major overlapping scientific
areas: galaxy formation and the development of large scale structure, the
intergalactic medium and background radiation fields, quasar statistics and
evolution and, lastly, gravitational lensing. Aided by two graduate
students and two postdoctoral fellows to be supported by the grant and
occasional senior visitors to be supported by Princeton University funds,

we propose to make major computer simulations using a powerful
departmental CONVEX C-220 minisupercomputer in each of these areas
as well as more traditional theoretical analyses, with the ultimate purpose

of helping to define the physical causes of cosmic structure.
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Well, what have we achieved? The attached bibliography (Attachment A) of 61 papers published
in refereed literature during the interval covered provides the most important measure of our work.

However, it is useful to list here some of the highlights.

A) Galaxy Formation and Large-Scale Structure

Gott and collaborators developed and applied an ingenious new measure of the topology of

large-scale structure. The "genus" tells qualitatively whether the structures described are more like
• will excuse the food metaphors) Swiss cheese (hole dominated), meatballs (peak

fY'°mUated), or sponge cake (interconnected matter and interconnected holes). Genus has turned
out to be an important discriminant among theories and has been widely used. With it one can

reject some versions of the explosive picture and some versions of the non-guassian seed picture

for the formation of cosmic structure.

Gunn, collaborators and students have worked on galaxy formation directly using the SPH
numerical scheme and other techniques. They have shown how many of the observed properties

alaxaes mcludin the disk-bulge dichotomy) can be understood in terms of the CDM scenario.of g " (" " g . • ee-dimensional r_.menan
Ostriker and collaborators worked pnmanly to develop an accurate mr

hydrocode, which could model directly the development of large-scale structure, allowing for the
detailed atomic physics of a variety of processes, both collisional and radiative. Output of the code

tl corn ared with ROSAT x-ray maps or COBE microwave maps. In both cases, it
can be direc y _ P .............. .1 _.., ,r,, formation of lar_e-scale structure, will
has been found that emission from not gas, cau_cu uy ,,,,. o

give a detectable signal.

B) Intergalactic Medium and Background Radiation Fields

Ostriker and collaborators showed that the decrease in the number of Lyman-alpha absorption
• m. which is anoarent as one approaches a quasar, could be interpreted simply as a

line syste s. ,, - ::-,- ...... ".-.._--,,,, ,-_a_ation in the immediate neighborhood of the quasar.
' proximity effect, oue to me _xu_t ,,.,-,,.,,is ,,-,_
This enabled them to estimate the background radiation field at Jv = 10-21 ergs/hzlsec/

steradian/cm 2 in work which has been confh'med by a number of independent studies. This

conclusion implies that, either there are more quasars at moderate redshift than shown by current
surveys or that young galaxies emit significant amounts of ionizing ultra violet radiation.

C) Quasar Statistics and Evolution

Turner and collaborators have attempted to understand the x-ray counts of quasars and how

they can be made consistent with recently compiled optical quasars. If they used the previously
determined x-ray to optical spectral index of the optically selected QSO sample and the BSP optical

QSO counts, they found a large excess in predicted x-ray• sources compared to observations by
Einstein satellite. They therefore used the x-ray observauons to constrain the QSO x-ray properties
and their evolution using a linear parameterisation between Log (L,), Log (Lq_), and Log(l+z).

Best agreement with all the observational constraints was obtained for a negatwe redshift evolution
and a decreasing LJLop, with optical luminosity. For these fit parameters, they predict a total
contribution to the cosmic x-ray background at 2kev of 30% from BSP sample QSOs at B < 21

and z < 2.2.

D) Gravitational Lenses

Paczynski and collaborators showed how the variation in the brightness observed in
"Huchra's lens" ASO2237+0305 could be understood in terms of the matter distribution within the

intervening galaxy.
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Turnerhascarriedoutreviewsof theevidencethatundetectedgravitationallensingeventsare
significantlyinfluencingquasarpopulationstatisticsandof theevidencefor darkmatterin
gravitationallenses.In theformercase,theprimaryconclusionwasthatthepossibilitycannotyet
beruledoutalthoughavailableevidencesuggeststhattheeffectis not too importantfor quasarsin
general.Somespecialsubsamplesof quasarsmaywell beaffected.In thelattercase,individual
casesof lensingsuggestthatthegravitationalpotentialwellsassociatedwith galaxiesare
sometimesdeeperthangenerallybelieved,theindicationthatthecenterof thedarkmatter
distribution in some systems does not coincide with the center of light, and the existence of dark

objects with mass-to-light ratios substantially larger than those associated with galaxies and galaxy

clusters.

II) EDUCATION AND TRAINING

During the period covered by the grant, we have employed (with whole or partial support
from NAGW-765) nine postdoctoral fellows, 12 graduate students and one undergraduate.
Incidentally, the list includes three female scientists. All of those employed have been able to use
the knowledge and training received here to continue with more advanced scientific and technical

jobs. The postdoctoral fellows with current aff'diations (given in parantheses) are as follows:

postdoctoral Fellows
S. Bajtlik (Copernicus Astron. Center., Poland)
D. P. Bennett (Lawrence Livermore National Laboratory)

R. Cen (Princeton Univ.)
A. Chokshi (Caltech, IPAC)
R. C. Duncan, Jr. (U. of TX)

L. E. Hernquist (UC-Santa Cruz)
R. Juskiewicz (Copernicus Astron. Center., Poland)

M. Panek (Copernicus Astron. Center., Poland)

Y. Pei (Princeton Univ.)

The following graduate students received support from this grant:

Former Graduate Students
A. Babul (Cambridge)
R. Cen (Princeton U.)
M-H Lee (CITA, Toronto)
K. R. Long (U. of MA)
J. Escudt-Miralda (Cambridge Univ.)

C. Park (Caltech)
A. C. Thompson (CITA, Toronto)

Current Graduate Students

X. Huang (Princeton U.)
S. Mao (Princeton U.)
S. Malhotra (Princeton U.)
A. Stone (Princeton U.)
G. Toth (Princeton U.)

III) COMMUNICATIONS

In addition to the published results, we have sponsored conferences (as described in our
I! V!Management Plan to coordinate with observers and help in the dissemination of the theoretical
research results. As the most recent example of this type of activity under the auspices of the

grant, D. N. Spergel organized a conference on the implication of COBE's detection of the
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ionsfor cosmology.This conference,organizedaftertheCOBE
microwavebackgroundfluctuat __._1a loo') in " etonandattendedby over 100
announcement,washeldonJune12a_lUx.,, ..... _. Princ
scientistsandstudents.Despitethefactthattheconferencewasorganizedin lessthanonemonth,
manyleadingscientistsfrom theUnitedStates,France,Italy, theUK, Switzerland,Japan,andthe
FormerSovietUnionwereabletoparticipate.

etin on thissubjectimmediatelyaftertheCOBE
.qince the conference was the fu'st me g ...... :^- ,-,¢ ,he COBE results. Many members of
7--_o., itwas an important Iorum mr olscu_,u- v_,_,,_,_ )n nre._ent a more detailed account

annouH_c-,_.,?,, -- - --1--I ,)-* --,,-,-_n_, and mev were atn_ .v r----
the COBE scnence team attentw._ u,,. ...... _,etin than at the APS meeting. In addition to the COBE team,
-#-,-_: ..... rk to this sr)ecialized me g .......... _ .... ,,s who r)resented progress
t)l u_ ,_, -. " r ISBN ex enrnc-ta, r_u_,v . r. •
there were representatwes from. nlne°the___:__" focP_ed both on the imphcataons of these detections
re orts at the meeung. I neoreuc__ ._- ..... ,-,n,-ls for the formation of large-scale structure.
- P ............ ,-;,- _,,d for v_l_,,_ .....
Ior the lnllatlonary _t_.aa*,-, ,_,.

The meeting also served an important educational role. Seventeen graduate students from
• rsi of California attended the meeting. Several journalists,

Pri ceton Columbia and Umve,..;_ ...... ,._. o.,',,,,,.,, the Los Angeles Times, also
n . , r __ ,..:_# _a New lortge;t, o_b_ .... , arid

including reporters irom _,,,_, -,--
attended the meeung.

We were able to cover all the costs for the meeting from registration charges and departmental

sources, so there was no charge to the grant for this conference.

The overview and attachment should give an impression, but only an impression, of the great

deal of frontier work performed under this grant.

Sincerely yours,

Jeremiah P. Ostriker

JPO_mr

Encls.

cc: NASA Sci. & Tech. Info. Fac.

4



ATTACHMENT A

j. RICHARD GOTT

PARTIAL BIBLIOGRAPHY

Publications of research supported by this grant are marked with an (*).

* 72. "The Topology of Large Scale Structure II: Non Linear Evolution of Gaussian Models,"
A.L. Melott, D.H. Weinberg, and J.R. Gott, Apd., 328, 50-68 (1988).

* 73. "Ouster-Cluster Correlations and Constraints on the Corelation Hierarchy," (AJ.S. Hamilton
mad J.R. Gott, Apd., 331, 641-647 (1988).

74. "Can Neutrinos Be the Galactic Missing Mass?" D.N. Spergel, D.H. Weinberg, and J.R.
Gott, Physical Review D, 38, 2014-2015 (1988).

75. "Measuring the Topology of Large Scale Structureinthe Universe," J.R.Gott,P.A.S.P.,
100, 1307-1313 (1988).

76. "The Topology of Large-Scale Structure m. Analysis of Observations," J.R. Gott, J. Miller,
T.X. Thuan, D.E. Schneider, D.H. Weinberg, C. Gammie, K. Polk, M. Vogeley, S.
Jeffrey, S. Bhavsar, A.L. Melott, R. Giovanelli, M.P. Haynes, R.B. Tulley, mad A.J.S.
Hamilton, Apd., 340, 625-646 (1989).

77.
"The Area of IsodensityContours inCosmological Models and Galaxy Surveys,"B.S.

Ryden, R.J.Scherrcr,A.L. Mclott, D.A. Craig,J.R.Gott, D.H. Weinberg, S.P. Bhavsar,
and J.M. Miller,Ap.J.,340, 647-660 (1989).

78. "Topology of Large-Scale Structure IV. Topology in Two Dimensions," A.L. Melott, A.P.

Cohen, A.J.S. Hamilton, J.R. Gott, mad D.H. Weinberg, Apt., 345, 618-626 (1989).

79. "Setting Limits on qo From Gravitational Lensing," J. R. Gott, M-G. Park, H.M. Lee, Apd.,
338, 1-9 (1989).

* 80.
"Topology of Microwave Background Fluctuations: Theory," J.R. Gott, C. Park, R.

Juskiewicz, W.E. Bies, D.P. Bennett, F.R. Bouchet, and A. Stebbins, Apd., 352, 1-14
(1990).

* 81. "Weak Gravitational Lensing Due to Large Scale Structure of the Urdverse," M. laroszynsld,
C. Park, B. Paczynski, and J.R. Gott, Apt., 365, 22-26 (1990).

* 82. "Northern Dwarf and Low Surface Brighmess Galaxies. IV. The Large-Scale Space
Distribution," T.X. Thuan, J-M. AlimJ, and J.R. Gott, Ap.I., 370, 25-48 (1991).

* 83. "Closed Timelike Curves Produced By Pairs of Moving Cosmic Strings: Exact Solutions,"
J.R. Gott, Physical Review Letters, 66, 1126-1129 (1991).

84. "The Formation of Cosmic Structure in a Texture-Seeded CDM Cosmogony," A.K. Gooding,
C. Park, D. Spergel, N. Turok, J.R. Gott, Apd. in press



JAMES E. GUNN

PARTIAL BIBLIOGRAPHY

Public.afions of research _pported by this grant are marked with an (*).

141. Schneider, D. P., Turner, E. L., Gunn, J. E., Rewitt, J. N.,

Schmidt, M., and Lawrence, C. R., mSigh Resolution CCD Imaging

and Derived Gravitational Lens Models of 2237+0305",

A. J. 95, 1619, 1988.

142. Redman, R. O., Kuiper, T. B. H., Lorre, J. J., and Gunn, J. E.,

mThe Gas and Dust Surrounding LkHalpha 101", Ap. J.

143. Gunn, J. E. eDeviations From Pure Bubble Flow: A Review", An

"The Extragalactic Distance Scale", S. v. d. Bergh and C. J.
Pritchett, eds., Proceedings of the Ast. Soc. Pacific. 100th

Anniversary Symposium, BYU print services, Provo. (1988), p344.

144. Fruchter, A. S., Gunn, J. E., Lauer, T. R., and Dressier, A.,

"An Optical Detection and Characterization of the Eclipsing

Pulsar's Companion", Nature, 334, 686. (1988)

245. Gunn, J. E., "Galaxy Evolution in High Density Environments",

in "The Epoch of Galaxy Formation", C. S. Frenk, R. S. Ellis, T. Shanks,

A. F. Reavens, and J. A. Peacock, eds, proceedings of the Durham NATO

workshop, 1988, Reidel, Dordrecht, p167.

146. Schneider, D. P., Schmldt, M., and J. E. Gunn, "A Study of Ten

Quasars with Redshifts Greater than Four', A. J. 98, 1507, 1989.

147. Schneider, D. P., Schmidt, M., and J. E. Gunn, "A Quasar with

A Redshift of 4.73", A. J. 98, 1951, 1989.

148. Gunn, J. E., "Distant Clusters as Cosmological Laboratories", in

in "Clusters of Galaxies", W. Oegerle, M. Fitchett, and L. Danly eds.,

proceedings of the third Space Telescope Symposium, 1989,
Cambridge, p341.

149. Gunn, J. E., "Distant Galaxies and the Successor to the Hubble

Space Telescope", in "The Next Generation Space Telescope"

G. Illingworth, C. Burroughs, and P. Bely, eds., proceedings

of the STScI planning conference, 1989, STScI (NASA) p39.

150. Janesick, J. R., Elliot, T., Dingzian, A., Bredthauer, R., Chandler,

C. Westphal, J. and Gunn, J., "New Advancements in Charge-Coupled

Device Technology: Sub-Electron Noise and 4096x4096 CCDs", to appear

in "CCDs in Astronomy". G. H. Jacoby, ed., proceedings of the ASP

conference series no. 6., BYU press, Provo, 1989.

151. Welnberg, D. H., and Gunn, J. E., "Simulations of Deep Redshift
Surveys", Ap. J. Letters 352, L25 (1990)

152. Weinberg, D. H., and Gunn, J.'E., "Large Scale Structure and the

Adhesion Approximation" MNRAS 247, 260, 2990.

153. Katz, N., and Gunn, J. E., "Disspational Galaxy Formation I: Effects

of Gas Dynamics, Ap. J. 377, 365, 1991.



JEREMIAH P. OSTRIKER

PARTIAL BIBLIOGRAPHY

Publications of research supported by this grant are marked with an (*).

115. "Models of the Quasar Population: I. A New-Luminosity Function" (with J.

Heisler), Astrophysical Journal, 325, 103-113 (1988).

116. "Cosmological Effects of Superconducting Strings" (with C. Thompson and

E. Witten), Physics Letters, 180, 231-239 (1986).

117. "On the Flattening of Dark Haloes" (with J.J. Binney and A. May) Monthly

Notices of the Royal Astronomical Society, 226, 149-156 (1987).

118. "The Velocity Dispersion of Giant Molecular Clouds: A Viscous Origin"

(with C. Jog), Astrophysical Journal, 328, 404-426 (1988).

119. "The Pulsar in Type II Supernova in SNI987a," Nature, 327, 287 (1987).

120. "Quasar Ionization of Lyman-Alpha Clouds: The Proximity Effect, A Probe

of the UV Background at High Redshift" (with R.C. Duncan and S.

Bajtlik), Astrophysical Journal, 327, 570-583 (1988).

121. "Distortion of the Cosmic Background Radiation by Superconducting

Strings" (with C. Thompson), Astrophysical Journal Letters, 323, L97-

LI02 (1987).

122. "Models of the Quasar Population: II. The Effects of Dust Obscuration"

(with J. Heisler), Astrophysical Journal, 332, 543-574 (1988).

123. "Clustering and Voids in the Lyman-alpha Forest" (with S. Bajtlik, and

R.C. Duncan), Astrophysical Journal Letters, 327, L35-L40 (1988).

124. "On the Evolution of Globular Cluster Systems: I. Present

Characteristics and Rate of Destruction in our Galaxy" (with L. Aguilar

and P. Hut), Astrophysical Journal, 335, 720-747 (1988).

125. "Dust in QSO Absorption-Line Systems" (with D.G. York and M.S. Vogeley),

Astrophysical Journal, 364, 405-411 (1990).

126. "On the Generation of a Bubbly Universe: A Quantitative Assessment of

the CfA Slice" (with M. Strassler), Astrophysical Journal, 338, 579-593

(1989).

127. "Superclustering in the Explosion Scenario" (with D. Weinberg and A.

Dekel), Astrophysical Journal, 336, 9-45 (1989).

128. The Column-Density Distribution of Lyman-_Clouds: A "Break" in f(N) Due

to Neutral Core Formation (with R.C. Duncan), Astrophysical Journal,

submitted.

129. "Voids in the Ly_Forest" (with R.C. Duncan and S. Bajtlik),

Astrophysical Journal, 345, 39-51 (1989).

130. "Superclustering in the Explosion Scenario. II. Prolate Spheroidal

Shells from Superconducting Cosmic Strings" (with D. Borden and D. H.

Weinberg), Astrophysical Journal, 345, 607-617 (1989).



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

"An Estimate of the Peculiar Velocity Correlation Tensor: Cosmological

Implications" (with E. Groth and R. Juszkiewicz), Astrophysical Journal,

346, 558 (1989).

"The Effect of Galaxy Triaxiality on Globular Clusters" (with J. J.

Binney and P. Saha), Monthly Notices of the Royal Astronomical Society,

241, 849-872 (1989).

"The Stability of a Collisionless Cosmological Shell" (with S. White),

Astrophysical Journal, 349, 22-34 (1990).

"Self-Consistent Spherical Accretion Shocks Around Black Holes" (with A.

Babul and P. Meszaros), Astrophysical Journal, 347, 59-67 (1989).

"Spherical Accretion onto Black Holes: A New Higher Efficiency Type of

Solution with Significant Pair Production" (with M. Park), Astrophysical

Journal, 347, 679-683 (1989).

"The Mach Number of the Cosmic Flow: A Critical Test for Current

Theories" (with Y. Suto), Astrophysical Journal, 348, 378-382 (1990).

"What Produces the Ionizing Background at Large Redshift?" (with J.

Miralda-Escude), Astrophysical Journal, 350, 1-22 (1990).

"Are Some BL-Lacs Artifacts of Gravitational Lensing: A Reprise?" (with

M. Vietri), Nature, 344, 45-47 (1990).

"Pulsar Populations and their Evolution" (with R. Narayan),

Astrophysical Journal, 352, 222-246 (1990).

"Would a Galactic Bar Destroy the Globular Cluster System?" (with K.

Long and L. Aguilar), Astrophysical Journal, 388, 362-371 (1992).

"The Universe in a Box: Thermal Effects in the Standard Cold Dark

Matter Scenario" (with R.Y. Cen, A. Jameson, and F. Liu), Astrophysical

Journal Letters, 362, L41-L45 (1990).

"Lyman Alpha Depression of the Continuum from High Redshift Quasars: A

New Technique Applied in Search of the Gunn-Peterson Effect" (with E.B.

Jenkins), Astrophysical Journal, 376, 33-42 (1991).

"Expansion-Cooled Lyman Alpha Clouds" (with R.C. Duncan and E.T.

Vishniac), Astrophysical Journal Letters, 368, L1-L5 (1991).

"The Velocity Dispersion of Molecular Clouds II: Mathematical and

Numerical Refinements" (with C.F. Gammie, and C.J. Jog), Astrophysical

Journal, 378, 565-575 (1991).

"A Hydrodynamic Approach to Cosmology: Texture Seeded CDM and HDM

Cosmogonies (with R. Cen, D.N. Spergel, and N. Turok), Astrophysical

Journal, 383, 1-18 (1991).



BOHDAN PACZYNSKI

PARTIAL BIBLIOGRAPHY

Research publications supported by this _re'ant.

"Gamma Ray Bursts from Cusps on Superconducting Cosmic Strings at Large Redshifts," 1988,
Ap.J., 335, 525.

"A Test of the Galactic Origin of Gamma-Ray Bursts," 1990, Ap.l, 348, 485.

"Micro-lensing Model for QSO 2237+0305," 1990, Ap.J., 354, 407 (with J. Wambsganss and
N. Katz).

"Gravitational Lensing by a Smoothly Variable Three-Dimensional Mass Distribution," 1990,
Ap.J., 357, 32 (with Man Hoi Lee).

"Interpretation of the Micro-Lensing Event in QSO 2237+0305," 1990, Ap.J. (Letters), 358, L33
(with J. Wambsganss and P. Schneider).

"A Dipole Moment of the Microwave Background as a Cosmological Effect," 1990, Ap.J., 364,
341 (with T. Piran).

"Weak Gravitational Lensing due to Large Scale Structure of the Universe," 1990, Ap.J., 365, 22
(with M. Jaroszynski, C.B. Park and R. Gott).

"Gamma-Ray Bursts from Compton Scattering at Cosmological Distances," 1991, Ap.l., 366,
343 (with R. Svensson and A. Zdziarski).

"The Appearance of Highly Relativistic, Spherically Symmetric Stellar Winds," 1991, ApJ., 369,
175 (with M. Abramowicz and I. Novikov).

"Gravitational Microlensing of the Galactic Bulge Stars," 1991, ApJ. (Letters), 371, L63.

"Gamma-Ray Bursts from Colliding Strange Stars," 1991, ApJ., 375, 209 (with P. Haensel and
P. Amsterdamski).

"Gravitational Microlensing by Double Stars and Planetary Systems," 1991, Ap.J. (Letters), 374,
L37 (with S. Mao).

"Expected Color Variations of the Gravitationally Microlensed QSO 2237+0305," 1991, A.J.,
102, 864 (with J. Wambsganss).



EDWIN L. TURNER

PARTIAL BIBLIOGRAPHY

Publications of research supported by this grant are marked with an (*).

¢¢

.57. "Energy Densities and Temperatures Associated with the Diffuse X-ray Background, Galaxies

and ]_'ge Scale Structures", Daly, R. A., and Turner, E. L. 1988, Comm. Astroph., 12,219.
58. "Gravitational Lenses", Turner, E. L. 1988, Scientific American, 259, No. 1, 54.

59. "Unusual Radio Source MGl131+0456: A Possible Einstein Ring", Hewitk I. N., Turner, E. L.,

Schneider, D. P., Burke, B. F., Langston, G. I., and Lawrence, C. R. 1988, Nature, 333, 537.

60. "High-Resolution CCD Imaging and Derived Gravitational Lens Models of 2237+0305",

Schneider, D. P., Turner, E. L., Gurm, J. E., Hewitt, J. N., Schmidt, M., and Lawrence, C. R.

1988, Astron. J., 95, 1619.

61. "Undetected Gravitational Lensing Events and Quasar Population Statistics", Turner, E. L. 1988,

Proceedings of a Workshop on Optical Surveys for Quasars, eds. P. S. Osmer, A. C. Porter,

R. F. Green, and C. B. Foltz (Astronomical Society of the Pacific, San Francisco), 173.

62. "Dark Matter in Gravitational Lenses", Turner, E. L. 1988, Dark Matter: Proceedings of the 23rd

Recontre de Moriond, eds. J. Audouze and J. Tran Thanh Van (Editions Frontieres, Gif sur

Yveue Cedex, France), 347.

63. "Spectroscopic Evidence Supporting the Gravitational Lens Hypothesis for 1635+267A,B",

Turner, E. L., HiUenbrand, L. A., Schneider, D. P., Hewiu, J. N., and Burke, B. F. 1988,

Astron. J., 96, 1682.

64. "Recent Optical Observations of Gravitational Lenses", Turner, E. L. 1989, Gravitational Lenses,

Lecture Notes in Physics, 330, eds. L M. Moran, L N. Hewitt, and K. Y. Lo (Springer-

Veflag, Berlin), 69.

65. "Results of the VLA Gravitational Lens Survey", Hewitt, J. N., Burke, B. F., Turner, E. L.,

Schneider, D. P., Lawrence, C. R., Langston, G. I., and Brody, J. P. 1989, Gravitational

Lenses, Lecture Notes in Physics, 330, eds. J. M. Moran, J. N. Hewitt, and K. Y. Lo

(Springer-Veflag, Berlin), 147.

66. "MG1654+1346: An Einstein Ring Image of a Quasar Radio Lobe", Langston, G. I., Schneider,

D. P., Conner, S., CariUi, C. L., Lehar, J., Burke, B. F., Turner, E. L., Gunn, J. E., and

Hewitt, J. N. 1989, Astron. J., 97, 1283.

67. "Gravitational Lenses", Turner, E. L. 1989, Fourteenth Texas Symposium on Relativistic Astro-

physics, ed. E. J. Fenyves (New York Academy of Sciences, New York), 319.

68. "Radio Observations of a Candidate Cosmic String Gravitational Lens", Hewitt, J. N., Pefley, R.

A., Turner, E. L., and Hu, E. M. 1989, Astrophys. J., 356, 57.

69. "A Technique for Detecting Massive Collapsed Objects in the Dark Halo of the Galaxy", Turner,

E. L., Wardle, M. J., and Schneider, D. P. 1990, Astron. J., 100, 146.

70. "Gravitational Lensing Limits on the Cosmological Constant in a Flat Universe", Turner, E. L.

1990, Astrophys. J. Leg., 365, LA3.

71. "Quasars and Galaxy Formation. I: The z > 4 Objects", Turner, E. L. 1991, Astron. J., 101, 5.


